The preparation and properties of isolated adult cardiac myocytes are reviewed, with the goal being to evaluate their usefulness as a model system for measuring cardiotoxicity. Some important factors in cell isolation methodology which impact on the quality of the preparation are identified, along with criteria for assessing the quality of cells after isolation. By all criteria, myocytes isolated by good procedures appear to largely retain their original properties. Moreover, the distinctive behavior of adult myocytes under metabolic stress endows them with a particular usefulness as monitors of toxicity. Overall, we conclude that the art of adult heart cell isolation and culture is now sufficiently advanced for either freshly isolated cells in suspension or cells in culture to be a useful model system for toxicity studies.
In the preceding paper (RA Haworth, AB Goknur, MG Cook, and RS Decker (1990) . Use of isolated adult myocytes to evaluate cardiotoxicity. I. Sugar uptake and protein synthesis. Toxicol. Pathol. 18: 511-520), it was shown that the process of cell isolation in the absence of Ca2+ followed by Ca2+ restoration can cause an artefactual stimulation of the rate of 2-deoxyglucose uptake. Cells isolated with the early restoration of Ca 2+, on the other hand, showed a more normal low rate of 2-deoxyglucose uptake. This is, however, only one property by which to judge isolated cells. A major requirement of an isolated cell model for toxicology studies is that the cells be minimally altered during isolation, such that they remain functionally similar to their condition in the intact tissue. Here, therefore, some pertinent features of the isolation of Ca2+-tolerant adult myocytes are reviewed, and the condition of freshly isolated adult myocytes is assessed by a much broader range of criteria, so as to determine the effects of the isolation process.
ISOLATION OF ADULT MyOCYTES
The first step in successful cell isolation was accomplished in 1970 when it was found that isolated hearts could be dissociated into individual myocytes by perfusion with a Ca-t-free medium plus the enzyme, collagenase, to break down the connective tissue (8, 112) . The importance ofusing a good batch of collagenase was realized early on, from the variable results obtained with different batches (32) . We currently use Worthington (Freehold, NJ) Type II, though Boehringer (Indianapolis, IN) Type A is also good. Each batch must be evaluated before purchase. The first preparations of cells isolated with collagenase were able to metabolize substrates (8, 74) and morphologically had a normal rod-shaped appearance (85) . However, such cells beat spontaneously in media containing low levels of Ca> (19) . With physiological levels of Ca"', they underwent a stimulation of oxidative metabolism (11) and a morphological catastrophe characterized by hypercontracture and disorganization of the myofilaments, blebbing of the sarcolemma, and a rounding up of the cell (85) . The literature describing other properties of Ca 2+-intolerant cells has been extensively reviewed (21) . These cells clearly were of questionable value for toxicology studies, since Ca2+, a component of their normal milieu, had itself become toxic to them.
The next significant step came with the publication of a procedure which yielded preparations of cells able to tolerate physiological levels of'Ca> (94) , though most of these cells still beat spontaneously. The importance ofretaining sufficient traces of'Ca> in the "Ca-t-free" perfusate to avoid the Ca2+ paradox was emphasized (94) . The upper limits of free Ca2+ which still allow complete dissociation of cells 521 HAWORTH TOXICOLOGIC PATHOLOGY have been defined more recently (116) . The preparation of quiescent Ca2+-tolerant cells was then reported to be facilitated by adding Ca2+ plus trypsin to the chunks of heart, cut up after Ca-t-free perfusion with collagenase (42) , or by using cell culture media for perfusion (64) and keeping the cells warm (29) . Ca2+ intolerance was linked to a cellular overload with Nat, which resulted in a Ca 2+ overload by Na+/Ca 2+ exchange (1). The Nat overload could be alleviated, and Ca 2+ tolerance restored, by incubation at 37°C before Ca 2+ addition, allowing the cells to pump Nat out (1). This observation explained the deleterious effect ofcooling the cell preparation in terms of the promotion of Na" loading. Consequently, current isolation procedures use warm conditions throughout. In addition to the deleterious effect of hypothermia, the Nat load induced by Ca2+ removal was found to result from an increased permeability ofthe sarcolemma to Nat (16, 44, 50) . The beneficial effect of adding Ca 2+ back during isolation appeared to result from its prevention of the increased permeability to Na" (44) . This study also showed that cells isolated in Ca-t-free media were low in amino acids, perhaps suggesting a mechanism for the beneficial effect of using amino acid-supplemented media. This has now been taken further by showing that restoring physiological levels of Ca2+ to the perfused heart after only 15 min of Ca-t-free perfusion with collagenase is even more beneficial (38) . This study also quantified the benefit of supplying additional substrates. In summary, the isolation of adult myocytes which tolerate Ca 2+ has been found to be facilitated by the following factors: 1) a good batch of collagenase; 2) use of substraterich media; 3) a period of low but not zero Ca2+ perfusion; 4) early restoration ofphysiological levels of Ca 2+; and 5) maintaining cells at 37°C.
PROPERTIES OF ISOLATED ADULT MyOCYTES
Perhaps the most commonly used concept of cell quality is that of viability. Since viability implies not only being alive but also the potential for staying alive, perhaps the only good test of viability is a stable maintained life under cell culture conditions. Several workers have now shown that this is possible (10, 18, 34, 60, 91) , though the duration of rodshaped morphology was widely variable. This has been addressed in the preceding paper. However, as a measure of quality, the ability to be maintained in culture is only one measure. Not all ofthe isolated rod-shaped cells attach to substrates (76, 91) , but it is not clear whether or not those which do not attach are deficient in any other regard. Likewise, those which do attach may be damaged by other criteria. For this reason, we describe below 11 properties of isolated adult myocytes which can be used to de-scribe their quality. Insofar as toxic compounds may change anyone of these, they can also be used, in principle, as parameters oftoxicity. In practice, some are much more amenable to routine use than others.
Gross Integrity ofthe Sarcolemma. Perhaps the most widely recognized tests for viability are those which test for a gross rupture of the sarcolemma. Trypan blue uptake or release of the cytosolic enzyme lactate dehydrogenase (LDH) have both been used to track toxic drug effects in neonatal myocyte cultures (96) . In isolated adult myocyte suspensions, these two measures correlate well (43, 84) , though in cell cultures there is some evidence that a degree of LDH release can occur before the membrane is irreversibly ruptured (90) . Similar results have been found with hepatocytes (61) . In some instances, the use of trypan blue uptake as a viability measure has been questioned, since cells which excluded the dye were judged non-viable from their inability to reproduce (119) . By this criterion, of course, all adult myocytes would be judged non-viable. Thus, it could be argued that, rather than trypan blue exclusion being a measure of viability, trypan blue uptake is a measure of non-viability. Even so, with cultured myocytes, there is evidence that some cells which take up trypan blue are still alive (18) .
Morphology. Adult myocytes completely depleted of high energy phosphates undergo contracture, whether or not extracellular Ca2+ is present (43) . This change is visible in the light microscope and can be readily quantitated. Also, cells depleted of even 70% oftheir ATP can retain essentially normal rod-shaped morphology, even with physiological levels of extracellular Ca 2+ (48) . Further, Ca-t-intolerant cells can have a normal rod-shaped morphology by both light and electron microscopy (21) , and this is completely transformed on the addition of Ca2+. Thus, while a normal rod-shaped morphology is a property of good quality cells, not all rod-shaped cells are necessarily in good condition.
Ca 2 + Tolerance. The loss of Ca2+ tolerance is perhaps the most striking change which cells can undergo during the isolation procedure, though, as we have described above, this property can be regained. During the Ca2+-free perfusion the cells separate end from end at the intercalated discs. The desmosomes separate at the region of intercellular contact, but the gap junctions pull out sarcolemma from formerly adjacent cells (79) . The lost membrane must presumably be replaced by reserves, given the ability of all the cells to withstand Ca2+ soon thereafter; however, in the short term, there may be a considerable disruption of ionic homeostasis. The restoration of Ca2+ may itself promote the sealing over process (25) . Once the cells are isolated with the property of Ca 2+ tolerance, they do not exhibit the Ca2+ paradox, that is, the catastrophic loss of cellular integrity that occurs in the whole heart when Ca2+ is restored after a period of'Ca'<free perfusion (120) . Ca2+-tolerant myocytes can be incubated with EGTA for 30 min and, on restoration of Ca2+, remain rod-shaped (42) . The experiments on heart cell isolation where Ca2+ was added back to the perfusate (38) have a further implication important for toxicology studies in relation to Ca2+ tolerance: none of the cells in the heart died on restoration of Ca 2 +, as measured by routine ATP assays and morphology, showing that all the cells in the heart at this point were Ca 2 +-tolerant. Not all of the cells in the heart were subsequently isolated intact, as is the case for all present isolation methods. However, the attrition appeared to arise from the mechanical rigors of removing the cells, which had completely dissociated from each other, from the confines of the tissue pieces. Thus, the cells which survive the isolation process may be "lucky" rather than physiologically or biochemically different from cells which do not survive. This is an important observation because, for toxicology studies, we would like some assurance that the isolated cells are representative of the cells in the heart.
Beating Ability. One exception to the simplification of measurement on going from tissue to cell is perhaps in the measurement of contraction. This is more difficult with isolated cells, in the sense that equipment to do this, until now, has been custombuilt. Several different approaches have been taken. With neonatal cells, cell geometry makes a fully quantitative measure difficult, but cell edge movement as detected by a video detector can serve as a useful relative measure (5) . A semi-quantitative approach has also been used with adult cells (113) . However, the uniaxial fiber direction of adult cells permits an absolute measure of contraction. Three methods have been used to take advantage of this: 1) analysis of video images (56, 70, 99, 100, 108), 2) detection of end movement relative to total cell length, using a photodiode array (75, 88) , and 3) measurement of sarcomere length changes by laser light diffraction (39, 68) . At a yet greater level of sophistication, force measurements have been made from intact single atrial cells (109) , and from intact (9, 103) or skinned (27) 
ventricular cells.
Spontaneous beating is a property associated in skinned cells with higher than normal levels of intracellular Ca2+ (26); hence quiescence was suggested early on to be the measure of a normal Ca 2 + homeostasis, while spontaneous beating was rather an indication of intracellular Ca2+ overload (26) . Heart cell preparations, reported in the literature before 1980, all gave cells which beat spontaneously in the presence of physiological levels of Ca2+. In most preparations, this was a prelude to contracture and cell death, though in the preparation of Powell and Twist (94) , the cells remained rod-shaped. It was then reported that intact adult rat cells which were quiescent in the presence of normal Ca2+ were able to contract uniformly with electrical stimulation (68) . Since then, several other laboratories have characterized the properties ofbeats induced in single cells by electrical stimulation in cow (56) , guinea pig (57, 117) , rat (30, 39, 98) , cat (23, 66) , mouse (117) , and rabbit (98) . The universal finding is that the contractile properties of the unloaded isolated cells closely reflect those of the papillary muscle for each species. The cells show a staircase behavior similar to that of papillary muscles, and their response to inotropic interventions is similar. This again is an important consideration for toxicology studies. If a test compound has inotropic effects, we would like to know it. These results suggest that any such inotropic effects would be indirectly measurable from changes in the extent of unloaded shortening.
High Energy Phosphates and Glycogen. One of the most sensitive indicators of cell quality is ATP levels which tend to be slightly reduced from (31) or equal to (107) levels found in whole hearts. Cells exposed to periods of acidic anoxia can lose most of their ATP, and yet still appear by light microscopy to be in good condition (48) . ATP levels only partly recover in the short term on re-oxygenation of anoxic cells (31, 43, 90) , to the extent that the nucleotides have not been degraded to adenosine or inosine, or beyond (31) . Glycogen levels are also depleted during anoxia or ischemia (43, 90) . Phosphocreatine levels, on the other hand, though the first to drop in anoxia, rebound well on re-oxygenation (48, 90) . An inadvertent period of anoxia or ischemia during isolation could thus have an adverse impact on high energy phosphate and glycogen stores and yet yield cells which are normal in appearance. In our experience, Ca-t-tolerant cells isolated from tissue chunks without perfusion fall into this category.
Studies with isolated adult myocytes under conditions similar to ischemia (anoxia, acidosis and no glucose) have led to some new insights into the relationship between ATP depletion and cell contracture (43) . Under these conditions, the cells, oneby-one, underwent a rapid contracture to a square configuration, such that at any time the cell population was a mixture of cells with a normal sarcomere length of 1.8-1.9~m (rod-shaped cells) and cells with a short sarcomere length of 0.9-1.3~m. The timing of the onset of contracture was unaffected by the presence or absence of extracellular Ca 2 +. Strikingly, ATP in these mixtures declined in parallel with the percentage ofcells which remained HAWORTH TOXICOLOGIC PATHOLOGY rod-shaped. These observations suggested that, under these conditions cells were able to maintain nearnormal levels of ATP for a period, after which a catastrophic decline occurred, resulting in a contracture caused by the onset of rigor. The rupture of the sarcolemma under these conditions was a much later event (43) . Similar studies with metabolic inhibitors and with pH maintained at normal values have related the catastrophic decline of ATP to the termination of glycolysis from glycogen (35) . Reoxygenation of cells (in the absence of metabolic inhibitors) after anoxic contracture causes resynthesis of some ATP and a hypercontracture, resulting in a further configurational change from square to round, again independent of extracellular Ca 2 + (49). Intermediate degrees of contracture have been observed under conditions of putative anoxia with cells attached to culture dishes (102), but these have been attributed to the effect of attachment (105) . Another factor may be that anoxia was less than total (108) . Hypercontracture can also be induced in cells with normal ATP, by first loading them with Na" in the absence of Ca2+, and then adding Ca 2+ back, a procedure which also results in cell loading with Ca2+ by Na+/Ca2+ exchange (1).
The relevance of these studies to the evaluation of toxicity is that they demonstrate how adult myocytes respond with distinctive morphological changes to changes in cell ionic homeostasis and energy metabolism, at times early relative to the loss of viability as conventionally measured by trypan blue exclusion or LDH release. This is a distinct advantage over other cell types, and makes adult myocytes particularly well suited not only to the quantitation of toxicity but also to the elucidation of toxicity mechanisms.
Metabolic Rate. There are really three questions here, which reflect upon cell quality: 1) what is the basal rate of ATP utilization by the cells, and how does it compare to that ofnon-working whole hearts? 2) what is the maximum rate of utilization of some substrate, and how does it compare to that of whole hearts? and, 3) do the cells exhibit a control of the utilization of different substrates similar to that of whole hearts? The latter question has already been addressed in the preceding paper.
Cells which are Ca-t-intolerant have been shown to have a higher basal rate of ATP turnover than cells which resist Ca2+, and the difference is attributable to a higher turnover rate of the Na" pump (44, 50) . Ca-t-tolerant cells have the same capacity for Nat pump activity, but the pump becomes inhibited by the successful lowering of intracellular Na" levels (44) . Also, respiration is further stimulated by Ca2+ in Ca-t-intolerant cells (11), and there is a correlation between high intracellular Ca2+ levels and increased respiration (81) . Ca2+-tolerant cells, on the other hand, exhibit a rather low rate of respiration (47, 95) . Thus, a high metabolic activity is not necessarily a healthy attribute of isolated myocytes. However, a low basal metabolic rate is not a sufficient indicator of metabolic integrity, since dead cells will have the lowest metabolic rate of all.
It is also desirable to know the maximum potential metabolic rate, since this would indicate the integrity of the energy-providing metabolic pathways. The only way we know ofgaining such a measure is by the use of metabolic inhibitors and uncouplers, to artificially and selectively stimulate either oxidative or glycolytic metabolism. Ca-t-telerant cells have an uncoupler respiratory control index above ten (47) , and a maximum glycolytic rate comparable to that of the whole heart (35) . These values indicate that there was no loss ofcompetence in either oxidative or glycolytic metabolism during cell isolation. Cell metabolism can also be accelerated by stimulating the cells to beat, but the increase is not very great: stimulation to beat at 4 Hz in the presence of isoproterenol accelerated the rate of ATP utilization only by just over twofold (47) . This is way short of maximal, as judged by the respiratory control index. The stimulation-induced increase in metabolic rate was, however, comparable to published values for the whole heart at zero pressure development (47) , indicating that the metabolic cost of unloaded contractions was unaltered by cell isolation. This observation does, however, point up a deficiency in the isolated cell model in comparison with the whole heart: even though unloaded cell contractions could reflect toxic effects on contractility as described under subheading, Beating Ability, toxic effects may be less evident in isolated cells than in whole working hearts if the mechanism of toxicity includes a synergistic metabolic action, since the isolated cells have such a large metabolic reserve.
Heterogeneity. A desirable quality for an isolated
cell test system is that the properties of the cells be uniform, at least, as uniform as their properties in the whole tissue. Clearly, a degree ofnon-uniformity is introduced during isolation, insofar as not all cells survive the isolation process. All preparations of cells in suspension, at present, contain a fraction of dead, trypan blue permeable cells which may range from 10-40% of the total. These cells appear to be metabolically inactive, and, for most purposes, can be ignored (43) . Caution is, however, necessary. If cells are in a medium containing Ca 2+, the rupture ofthe sarcolemma by (for example) digitonin results in a massive uptake of Ca2+, attributable to mitochondria (36) . This Ca2+ is quickly released and the mitochondria become inactivated, because of the opening ofa Ca-t-activated non-specific channel in the mitochondrial inner membrane (40, 41, 52, 53, 55) . Thereafter, these cells are metabolically inactive. Cells in a medium without Ca2+ and with mitochondrial substrates, on the other hand, may retain some metabolic activity after the sarcolemma is ruptured. Such cells would continue to contribute to metabolic measurements. This concern raises the question ofwhether or not some cells which survive isolation, in the absence of'Ca>, might be damaged, while others are not, or perhaps a spectrum ofdamage may exist. The addition of Ca 2+ to cell preparations thus reveals a latent heterogeneity: some cells resist the Ca 2+, while others round up (2, 28, 44) , which may imply a spectrum of membrane permeabilities or pump capacities. This clearly suggests an additional benefit of restoring Ca2+ early during cell isolation: any damaged cells are removed from the metabolic picture.
The distribution of resting sarcomere lengths gives some measure of the heterogeneity of Ca 2+ homeostasis. This distribution in Ca 2+ -tolerant, rod-shaped cells is rather narrow, typically from 1.8-1.9 #Lm (43, 68) . There is some evidence from 14C-deoxyglucose autoradiography that a small fraction ofcells, even though rod-shaped in the presence of'Ca>, can have a much higher glucose oxidation rate in the absence of insulin than other cells (45) . Round cells with intact sarcolemmae also took up more deoxyglucose, suggesting that the increased glucose metabolism was a result of Ca2+ overload, and was, thus, an artefact of cell isolation. The results presented in the preceding paper support this conclusion. However, the very low average rate of2-deoxyglucose uptake in the absence of insulin of cells isolated with early Ca2+ restoration is an encouraging indicator, along with the autoradiography (45) , that almost all of the rod-shaped cells form a fairly homogeneous population. Some rod-shaped cells were shown to be much more sensitive to insulin than others (45) . However, it is not clear whether or not this heterogeneity was caused by cell isolation; it could well reflect the intrinsic heterogeneity ofthe cells in the tissue. Furthermore, heterogeneity ofthe action potential ofisolated myocytes has been detected, and associated with their point of origin (114) .
Control ofIntracellular Na', As described above, the ability of cells to control their intracellular Nat levels is a key factor in Ca2+ tolerance. Thus, the ability of cells to withstand Ca2+ is one measure of their ability to control Na", This control may, however, be achieved with various degrees of difficulty. One evidence of this is the increased deoxyglucose uptake of some cells in the presence of Ca 2+, as described above. A more direct approach is to mea-sure Nat pump activity. This can be measured from the rate of ouabain-sensitive K+ uptake, using 42K (4, 80, 106) or a K+ analog such as 20lTI (54) or 86Rb (97) . Whether or not the pump is maximally activated by intracellular Na" can be tested by the addition of toxins, such as anthopleurin-A (54), which strongly promote Na" entry through Na" channels. In Ca2+-tolerant cells, anthopleurin-A stimulated the rate of 20lTI uptake 3.4-fold (54). Veratridine also works well. Alternatively, pump activity can be measured from its metabolic cost. This can be done by inhibiting oxidative phosphorylation and measuring the ouabain-sensitive rate of lactate production (44, 50) . Clearly, this measure is only valid for as long as the only metabolic consequence of ouabain addition is Na" pump inhibition.
Hormone Sensitivity. Any Ca-t-tolerant preparation of high quality should retain the sensitivity to hormonal stimulation characteristic of the intact tissue. Since many hormones operate through externally oriented protein receptors, the exposure of cells to proteases during isolation is a cause for concern. Available data are, however, encouraging, insofar as isolated myocytes have so far shown the expected hormone responses. Insulin stimulates sugar transport about l O-fold (45) and also increases incorporation of glucose into glycogen (15) . Betaadrenergic stimulation enhances contractility (7), stimulates Ca 2+ currents (6, 118) , activates phosphorylase (28, 46) , adenyl cyclase (17, 28, 83) , lipolysis (69), and protein phosphorylation (86). Alpha agonists stimulate phosphodiesterase activity (12) . Agonist binding studies, which can be done with cell suspensions, allow receptor numbers to be quantified (13, 14, 24, 33, 82) . The use of trypsin during cell isolation should be foregone for insulin studies, since trypsin has been found to activate glucose transport in myocytes (45) , as well as in adipocytes (89) .
Cellular Ca 2 +. Good quality cells should be able to tolerate Ca2+ by remaining rod-shaped; they should also be able to maintain Ca2+ homeostasis, with a low (diastolic) level ofintracellular Ca2+. 4SCa2+ studies ofgood quality cells at rest show a small and rapid uptake, followed by a stable plateau (37) . Measurements of intracellular Ca 2+ levels using Ca2+sensitive fluorescent dyes give values averaging 133 ± 48 nM, for adult rat myocytes, from 9 different reports (20, 22, 37, 67, 73, 92, 104, 110, 115) . The wide standard deviation could reflect variability in intracellular Ca 2+ levels between preparations, or technical differences in the measurement. However, the values are sufficiently low to encourage the view that a normal Ca2+ homeostasis has been achieved.
Electrical Activity. One difficulty with trying to determine whether or not the electrical properties of the cells have been modified on isolation is that many of these properties cannot be measured accurately in whole tissue. Isolated cells have become the system ofchoice for electrophysiological studies because their voltage is more easily clamped and both extracellular and intracellular environments can be controlled. This has allowed investigations of Ca2+ channels (59, 71, 78) , Na+ channels (72, 77) , and K+ channels (62,63, 101, Ill), as well as Nat/ Ca2+ exchange (3, 65) . Cell resting potentials (51, 87) and action potentials (58, 93, 114) appear to be essentially normal. This facility for measuring channel function clearly has great potential for toxicity studies, allowing the action of toxins on the ion channels to be measured directly.
In conclusion, the rapidly growing literature describing the properties of isolated adult heart cells is encouraging. By all criteria, myocytes isolated by good procedures appear to largely retain their original properties. Moreover, the distinctive behavior of adult myocytes, under metabolic stress, endows them with a particular usefulness as monitors of toxicity. Overall, we conclude that the art of adult heart cell isolation and culture is now sufficiently advanced for either freshly isolated cells in suspension or cells in culture to be a useful model system for toxicity studies. 
